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Abstract

reproducible and cost-effective technique, naméw diffusion. Z2H-Benzof][1,2,3]triazole
and benzdf][1,2,5]thiadiazole were chosen as host and guedéetons, respectively. Structural
similarities allowed the correct co-assembly of the® structures. The co-assemblies were
studied by different techniques that included Ranspectroscopy and X-ray diffraction,
amongst others. The waveguiding properties andethission colour of the doped organic
microcrystals were also investigated. It was fouhdt changes in the molar ratio of the
different doping agents could tune the light engissiFluorescence microscopy images of the
co-assembled microcrystals revealed light colowanges from green to whitish, up to CIE
coordinates of (0.370, 0.385). These tunable cedative materials could be useful in the fields

of optoelectronics or lab-on-a-chip for integratgdical circuits at micro-/nanoscale.

Keywords
2H-benzo[d][1,2,3]triazole, benzo[c][1,2,5]thiadide, co-assembly, slow diffusion, organic

optical waveguide, tune colour emission

1. Introduction

Organic semiconductor micro-/nanocrystals with tagshapes have attracted a great deal of
attention in recent years for many applicationschsas organic field-effect transistors
(OFETs)! organic waveguide devicésand organic solid-state lasers (OSSLAs a
consequence, these systems are inherently idelalinguiblocks for key circuits in the next

generation of miniaturised optoelectronic devites.
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Nevertheless, one of the main problems with organidecules used in the solid state for

optoelectronics is their low fluorescence quantufficiency, which is due in part to the

aggregation-induced quenching (AIE) phenomeh®his problem can be solved by using co- - { Comentario [JM2): Es este el

77777777777 . acrénimo?? (no cuadra con el término)
assembled structureformed by one (or more) molecule(s), one of whicks as a dopant and Podria ser mas adecuado quiza decir

“aggregation-induced quenching of

the other(s) as a guest. According to Férstersnamce energy transfer (FRET) mechanism,

emission”
the energy absorbed by the host molecules carabsférred to the guest molecule, thus leading
to light emission and possibly avoiding reabsorptiy the organic materials. This process has
been shown to be particularly efficient in supraeealar aggregates and it is often used as a
tool to tune the emission of individual particfes this way, different emission colours can be
obtained in co-assembled structures by simply &dwsthe molar ratio between bQSﬁtigl‘Jd/{Comentario[JMis]:the }

dopant materials, since even small quantities eflékter dispersed in aggregates are sufficient
to modify the emission spectrum and confirm arcifit energy transfér.

The next generation of optoelectonic devices wédlldased on nanophotonics, a discipline in
which the aim is to control and manipulate photand/or optical energy in nanometer-scale
matter. Optical waveguides are one of the essardimbonents of these new devi¢&Boping
systems can be excellent candidates to be pattesietdevices. However, to date the most
widely reported organic doping systems are amorpHouSince the crystallinity of
nanomaterials can improve their charge carriessprart and enhance the performance of optical
and optoelectronic devicés,the development of organised co-systems is esbeftia
optoelectronic applications. Different approachasehbeen employed to obtain organised co-
assembled systems, including electrospinfiimmnd template-assistednd adsorbent-assisted
physical vapour deposition (PVD) methddsThese methods are often tedious and require
specific instrumentation. Solution-based methods asuitable alternative to overcome these
drawbacks>*® Slow diffusion is an easy, reproducible and cofgative technique that can
produce organised structures without specialiseipetent.

It is well known that organic white-light emissi¢W/LE) materials are essential for full-colour
displays and the backlight of portable display dest’ For this reason, modulation of colour
emission is a crucial factor in current researdahve®al supramolecular approaches have been
reported for WLE generation by self-assenibiyr gelatiort® of molecular building blocks that
emit the three primary colours, i.e., red, greewl blue.

In the last few years our ongoing research lineldeesn based on the design and preparation of
new organic optical waveguides based on azole anddazole derivativeSin this respect, we
recently described the doping of &l-Benzofl][1,2,3]triazole derivative with graphene. This
strategy allowed us to modulate the emission cadbtine graphene-modified aggregate.

In the work described here we studied differenassembled structures from derivativeand

2 (Figure 1) previously prepared by our researchugrby means of Sonogashira C—C cross-

coupling reactions between the dibromobenzotriazolelibromobenzothiadiazole derivative
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and the corresponding arylacetyléffi&® The H-benzof][1,2,3]triazole core was selected as
the donor host skeleton due to its exceptionalitgbib form well-defined rod-like self-
assembled aggregat@$This core is able to emit in the blue and neaemmegions. Doping of
the benzotriazold with the green and red dye derivatives of beclfb2,5]thiadiazole2 as
guest moleculés allows the light emission to be successfully turfiemn the green to the
orange region and the colour can be adjusted bglgimodifying the molar ratio. The similar
structures of the host and guest molecules enkerednfinement and proximity of donor and
acceptor molecules in co-assembled microstructuress resulting in efficient FRET in the

donor-acceptor system.
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Figure 1. Structures of derivativesand2 used as host and guest materials, respectively.

2. Results and Discussion

2.1 Self-assembly behaviour

Organised supramolecular co-assembled structureg wbtained by the slow diffusion
technique. Thus, I®M stock solutions ol and2 were prepared in THF. Five different doping
ratios1:2 were chosen as follows: 1:0.1; 1:0.3; 1:1; 1:8; The specific compositioris2 were
obtained by mixing the appropriate volumes to fdrrmL of THF solution. An open sample
vial containing the mixed solutions was gently pldn a vessel containing MeOH as the poor
solvent and the system was sealed. After sevesa daslow diffusion, a uniform precipitate
was observed in the inner vial. It is interestingnbte that co-assembled structures are only
formed up to 1:0.3 molar ratios. In order to avidtse luminescence emission signals arising
from remaining solutions of doping agents that doabat the co-assembled crystals, the
crystals were washed with two different solventesxdne and methanol. Despite the fact that

both solvents removed the coating products, methd&®ng a more polar solvent, could
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dissolve some of the crystal and it was found tietane was the best option to ensure the
integrity of the crystal (compare Figures 2 and &4

Visual changes confirmed that a co-assembly procadsaken place and dye leakage was not
observed during the preparation process. Homogenexystals were formed with a different
colour from the pure host. Whereas plréorms clear yellow crystals with an intense yellow
emission under 365 nm (Figure 2A,B), the coloudgfed2a and2b crystals were clear orange
(Figure 21,J) and red (Figure 2K,L), respectivetiye to the incorporation of the doping
compound into the host structure. More strikin@g-doped crystals were dark brown when the
co-assembly process was completed (Figure 2M,Njs #roviding evidence that all of the
acceptor dye® had been doped into the organic microcrystal$. df is worth noting that in
cases where the slow diffusion conditions were Batisfactory (solvent, temperature,
proportions, time etc.), co-assembled crystalsdidform and separate precipitates of pure host
and guest molecules were observed (Figure S3)rdardo ascertain whether co-assembled
structures were formed in the slow diffusion pregdsmL of a pure solution @ and2c was
added to pure microcrystalsf 1. After several days neither visual changes nofeciht
emission were observed in the crystalsldfFigure S4). Thus, the co-assembly process only

takes place if slow diffusion is carried out.

No light 365 nm light

Figure 2. Pure self-assembled crystals bf(A,B), 2a (C,D), 2b (E,F) and2c (G,H) under
natural light and irradiated at 365 nm. Pictureshef co-assembled structures (I-N) with the
doping agents represented. All structures were vethfrom their original solution and washed
with hexane in order to avoid false emission signal
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The resulting morphologies of the co-assembledtalysvere visualised by scanning electron
microscopy (SEM) on glass substrates (Figure 3je Benzotriazold produced well-defined
rod-like aggregates that were hundreds of micragsetn length by slow diffusion using
chloroform (CHC)) as the good solvent and acetonitrile §CN) as the poor solveft
However, the use of THF/MeOH as solvents in thevgdfusion process gave ultra-long self-
assembled needle-like crystals that were severdimeires in length — a process that could
facilitate their use in optoelectronic devices (FigyS5h).

It was found that the percentage of doping agentstrbe less than 25% in order to favour
crystal growth by the slow diffusion technique. general, when compared with pure
microcrystalsof 1, the co-assembled structures had very few morgieabdifferences, which
indicates that the host)(has a greater tendency to aggregate than thé @iesd the acceptor
organic molecules will not affect the macroscoprgstallinity of the as-prepared organic
microstructures (Figure 3). In the case2ofnly a 1:0.1 host:guest ratio afforded co-assedhble
structures.

In general, co-assembled structures are more pthaarpure self-assemblédFigure 3E-Ivs.

A) and this is especially noteworthy in the cas@oafloped crystals (Figure 3lI).

Compoun

U Pure 1:0.1 1:0.3




140
141
142
143

144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165

Figure 3. SEM images of pure self-assemblednd2, and the resulting morphologies of 1:0.1
and 1:0.3 molar ratio co-assembled structures médaby slow diffusion of MeOH vapour into
dilute THF solutions.

NMR spectroscopy was employed in an effort to camfiurther that the co-assembly process
of both derivatives occurred effectively. Hexaneshed co-assembled crystdl®a (1:0.3)
were dissolved in 60QL of CDCl;. The proton signals of bothand2 were observed in the
NMR spectra and this confirmed that the two molesutoexist in the crystal (Figure S6).
Furthermore, other spectroscopic techniques weptieto obtain information about the co-

assembled system and these are discussed in liheifg sections.

2.2 Raman analysis

A Raman spectroscopy study was performed on selesstmples. After an initial screening it
was only possible to carry out Raman spectroscopgompoundc. The high fluorescence of
derivatives2a and 2b precluded their study by this technique. The iifieation of each
component was made on the basis of the intensiyspiecific peak. The peak at 1416 twas
chosen for compound and for compoundc the peak at 1334 cihwas selected as a
representative feature.

Representative Raman spectra for organic compolraael 2c are shown in Figure 4. Given
the vibrational nature of Raman spectroscopy, ifferdnt peaks can be ascribed to specific
vibrations according to the molecular structurempoundl presented the alkyne stretching
band at 2200 cthas the most prominent feature. Furthermore, aiiomiag vibrations also had

a strong presence in the spectrum, namely the NweNCxC stretchings at 1416 crand 1572
cni?, respectively. Compoungc had a Raman profile that was similar to that oftbst () in
terms of the alkyne and aromatic C=C bands, wiilerbands related to other carbon bonds,
such as C—C stretching (1283 ¢nand methyl bending (1334 and 1481 Hmwere observed.
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Figure 4. a) Raman spectra (532 nm laser) of compouhdx, and the mixture of:2c (1:0.1
ratio). The assignments of the main vibrational dzamre depicted. Dashed vertical lines
indicate the peaks used in the two-dimensional map identify each compound: green for
compoundl and red for compoungc, with interference not observed between the twes sk
signals. b) Inset of the lower part of the spediva,the sake of clarity, showing the selected
1334 cm* band belonging to compour2d.
In the two-dimensional Raman mappings (Figuresl5a® S2) specific colours were assigned
to each peak (red for 1334 Tmand green for 1416 cW) and these were plotted
simultaneously, using Wire 4.4 software, accordmthe intensity of the respective peaks. This
process allowed us to ascertain the relative dispof each compound in the mixtures.
In general terms, it can be seen how the co-assehtystalsl:2c (1:0.1) present an uneven
distribution of the two components within the cajstThus, by Raman spectroscopy it was
determined that these crystals are formed by abaftraggregated with small clusters oc
randomly scattered across the structure (Figur@tas trend was still visible after the crystals
were washed with hexane (Figure 5 and S1). Howewdifferent situation was observed when
the crystals were washed with methanol (Figure B2bhis case, the distribution &t islands
within 1 became unclear and the resulting colour mappiggested that a merging of the two
compounds had taken place. This finding is in gamieement with the experimental

observations that methanol is able to partiallgalige the crystalline structure of this mixture.
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Figure 5. 2D Raman mapping (532 nm laser) of a selected redicn ap-assembled crystal
1:2c (1:0.1) from characteristic bandé 1 (in green) andc (in red). Numbers in the coloured
bars are arbitrary.

2.3 X-raylanalysis - {Comentario [IM4]: diffraction

The crystal structures of the binary nanomatenadse studied by X-ray diffraction (XRD) and
the profiles of the pure and doped nanowires wétaioed. For the different compounds the
diffraction pattern of the binary nanowires showfraktion peaks for the host and guest
compounds. This indicates thdtis also crystalline in the doped nanomaterials thet
formation of a co-crystal or superlattice-type casite crystal did not occur (Figures 6, S7 and
S8). Furthermore, a significant displacement ofggbak at 8 = 15.00° of the structure &fcan

be observed (which corresponds to an interplarecisg of 5.90 A) to @ = 14.68° (interplanar
spacing of 6.03 A) in the doped structure. This nwgicate that for molecules df the
interplanar spacing along the b-axis increasegderoto accommodate moleculek2a. This
peak displacement appears in the three doped neexwirobably due to the similar structures

of the doping agents.
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Figure 6. XRD patterns of the pure compourti¢green) an@®a (blue), and the doped organic
microcrystal withl:2a (1:0.3) (red). The stars indicate the diffractpgak of B = 14.68° forl,
which exhibits a significant displacement in theped structures. The numbers ‘1’ and ‘2a’
indicate the diffraction peaks of the pure struesir and2a, respectively. Crystal planes were
assigned from the X-ray structures of the pure aamgs.

2.4 Photophysical features

The optical spectra of compoundsand 2 were experimentally measured in tetrahydrofuran
(THF) (Figure 7). Only a slight overlap between émeission band df and the absorption band
of 2a can be seen in Figure 7A. However, it should bechohat the emission spectrumlof
shows a good overlap with the absorption spect@b efnd2c in the wavelength range 450—600
nm (Figures 7B and 7C, respectively), which maylteis efficient energy transfer from the
host1 to the gues? in the doped system. Doping organic derivat®es acceptors into a donor
host matrix of benzotriazolé ensures confinement and proximity of the two moales within
self-assembled microstructures, thus resulting fficient FRET in the donor-acceptor
system:>?
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Figure 7. Absorption and emission spectra of pdrégreen),2a (orange),2b (red) and2c
(purple). Overlap between the absorption spectréimh and fluorescence spectrum »fis
denoted with grey lines. All spectra were measimeBHF solution. PL spectra were measured
after excitation at the maximum absorption peakhef corresponding compounds. Absorption
spectra of compoundswere normalised to its ICT band.

2.5 Optical waveguiding properties
Considering the previously reported results ondpgcal waveguiding features of the related

pure compoundd®® and 2a,2%

we investigated the propagation of light in thegragates
formed from co-assembled structures. These studiese carried out by fluorescence
microscopy. Purel aggregates exhibited blue and green bright lumemese spots at the
opposite ends and a relatively weak emission frioenktody when it was irradiated at one end
(Figure S9).

The co-structures discussed above were irradiatddaMaser beam at differeitvalues and
the resulting fluorescence images were recordeld avitamera (Figure 8). When benzotriazole
1 was doped with 10% dta (1:0.1 molar ratio) only green light was propagdatierough the
structure (Figure 8A). Interestingly, when the pmdwn of the doping agera was 25%
(doping ratio 1:0.3), the structure was also ablprbpagate red light (Figure 8B). This finding
provides evidence that changes in the doping aggitt can modify the propagated light. A
similar result has been reported previously inliteeature™

Co-assembled structures containing compoRnanly propagated red light when they were
irradiated at one end (Figure 8D). This charadiercould due to the large overlap between the

emission band ol and the absorption band & at 430-570 nm (Figure 7C), which would

10
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favour the reabsorption of light. When the hosticttire was doped witkb both green and red
light were propagated through the structure (Fid@®. A lower level of overlap between the
emission band ofl and the absorption band @b is observed in the PL spectra of pure
compounds, which indicates that the reabsorptiacess is less effective (Figure 7B). These
results show that the presence of different dopiggnts can modify the emission colour of the
molecular aggregate with waveguide propertieshis $pecific case, the dopant dyes cause a
bathochromic shift in the emission colourlpfwhich changes from blue and green emission to

green-red or red emission with the appropriat® m@tidoping agent.

A 1:2a(1:0.1)

B 1:2a(1:0.3)

C 1:2b (1:0.3)

X

D 1:2¢(1:0.1)

% | X

Figure 8. Fluorescence images of the co-assembled aggregases$:0.1 molar ratio (A), 1:0.3
molar ratio (B), 1:2b 1:0.3 molar ratio (C), and:2c 1:0.1 molar ratio (D) obtained by
irradiating a portion of the aggregate at 320-380(hlue), 450-490 nm (green), and 515-565
nm (red). The propagated light at the end of tlystat is shown with a white dashed circle and
the direction of the light with a dashed arrow.

2.6 White light-emission

It is well known that a mixture of blue, green aed chromophores can afford structures that
emit white light!” Bearing this in mind, it was decided to carry auphotophysical study on
mixtures of compoundl with different compositions of the three dopingeaty. The

fluorescence emission spectra of solutions are showigure 9.
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In mixtures with2a only one broad emission band can be observeddtietlow Stokes shift
(79 nm) between the emission bandsladind 2a (Figure 7A and 9A). Mixtures made with
derivative 2c showed very poor emission in solution (Photoluregemce Quantum Yield,
PLQY = 0.08%Y* so an emission band corresponding to this compeasinot observed in
the fluorescence spectra of the mixture (Figure &) only a decrease in the intensity of the
band due td was observed as its molar ratio decreased.

In the case oRb, for which the PLQY was 67% and where the Stokes shift between the
emission bands of and2b was 127 nm, the mixed solution of compounds shotveal
dominant emission bands located at around 500 8Aché. These bands can be attributed to
molecules of compountiand the doparh, respectively (Figure 9B).

The emission wavelengths of bdttand2 did not show any obvious differences from those of
the monomers, so the emission colour of the asapegipbinary 1D microstructures was mainly
dependent on the doping ratio. Luminescence phapbgr of the solutions upon increasing the
dopant ratio with excitation 365 nm are shown igufé 9. The colours of the solutions are
consistent with the corresponding emission spetiirgeneral, the presence of higher levels of
doping agent3) gave rise to lower emission of the hdst (

It is worth noting the presence of a broad emisdiand (450—-700 nm) and a visual white
emission of the solutiod:2b when the doping ratio was 1:0.3 (Figure 9B), whithts at a

possible white emission in the solid state fordhestal with this doping ratio.

12
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Figure 9. Fluorescence spectra and luminescence photogiapfisiF solutions ofl upon
increasing the dopant ratio 2é& (A), 2b (B) and2c (C). Luminescence photographs were taken
under natural light (above) and 365 nm light (bglow

The optical properties of the co-assembled strastwrith different doping ratios were also
investigated and the PL spectra of the as-preparemcrystals are shown in Figure 10c.

The confocal microscopy images (Figure 10a) ofatre@ssembled microrods reveal only slight
colour changes from green to whitish upon increagie molar doping ratio — an observation
that indicates the successful modulation of thitlemission of the organic microcrystals. The
uniform emission colour of each single wire revehkt the guest molecules dfare dispersed
very uniformly in the matrixt, which is in good agreement with Raman spectrosaaia
(Figure 5). The CIE coordinates of these pure am@ssembled structures are presented in
Figure 10b. The CIE coordinates (0.370, 0.385)hefmicrocrystals with &b doping ratio of
1:0.3 correspond to the white-emissive region e@@E chromaticity diagram.

Doping ratios of 1:0.2 and 1:0.5 were also testéH @b as the doping agent (Figures S10 and
S11). It was found that a 1:0.2 ratio was not sidfit to achieve white emission and pale-

yellow crystals were obtained. In contrast, a 1rat® gave green-yellow crystals.

13
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Figure 10. a) Fluorescence microscopy images of the micréals/gontaining different doping
ratios of 2 upon excitation at 425-650 nm; b) The emissiorowd corresponding to the

organic microcrystals shown in (a) the CIE chroriptidiagram. The white emission colour is
marked as a red circle in the CIE chromaticity dkag c) Emission spectra of the microcrystals

shown in (a) deposited onto quartz wafers.

3. Conclusions

The H-benzof][1,2,3]triazole core has been employed as a hisleton to prepare well-

defined co-assembled microcrystals. The exceptiabgity to form well-defined rod-like self-

assembled aggregates and the blue and near-gressicemof this compound has been

successfully combined with the intense green adderaissions of benzd[1,2,5]thiadiazole

guest molecules.

The co-assembled microcrystals were obtained byskw diffusion technique, which is an

easy, reproducible and cost-effective approache Haping ratios were tested and it was found

that the percentage of doping agent must be less26% in order to favour crystal growth.

- /[ Comentario [JM5]: lower

All of the co-assembled microcrystals preparedhis study showed impressive visual colour

changes from the pure host, thus confirming thed-assembly process had successfully taken

place. The arrangement of the co-assembled stasctuas analysed by different spectroscopic

and microscopic techniques.
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SEM analysis did not indicate any significant maolgical differences in the structures of the
co-assembled microcrystals when compared to fur€his finding indicates that the host
material drives the formation of the organised ssembled structures.

X-ray diffraction analysis revealed that the crilstdy of the host material ) remains
unaltered when the guest materid) (s incorporated, and a co-crystal or superlaitype
composite crystal is therefore not formed. Howeitewas found that molecules &fincrease
their interplanar spacing along the b-axis in otdemccommodate molecul@s

Evidence for a randomly scattered distributionhef guest molecule2€) in the matrix structure
of the host moleculel] was provided by Raman spectroscopy.

The co-assembled microcrystals can act as optiggnic waveguides and the propagation of
the light in the resulting aggregates could be rfaddd by altering both the doping agent and
the doping ratio. The light reabsorption processtine avoided in order to allow propagation
of light with a different wavelength along the-assembled microcrystals.

The emission spectra of the mixed solutiori:@b with a 1:0.3 molar doping ratio revealed the
presence of a broad emission band (450-700 nm)aaniible white emission from the
solution. The CIE coordinates of this solid co-asisked aggregate were (0.370, 0.385). Colour
changes in the light from green to orange were mbse for the rest of co-assembled

microcrystals and this indicates successful modulabf the light emission of the organic

4. Experimental details

Compoundsl and2a-c were prepared according to experimental procediessribed by our
research grouff®® 23

SEM images were obtained on a JEOL JSM 6335F nuopesworking at 15 kV. The samples
for SEM imaging were prepared by slow diffusion mjxing the appropriate proportions of
compoundsl and2. The corresponding solids were washed with hexamkdeposited onto a
glass substrate, with the remaining solvent evdapdrat room temperature.

Raman spectra were recorded on a Renishaw inViaé¥ospectrophotometer using a 532 nm
wavelength laser (85 mW effective output power)thwithe system coupled to an optical
microscope. The sample preparation for Raman measunts was performed by drop casting a
THF solution onto a clean piece of %48 wafer (WRS Materials) and leaving the solvent t
evaporate in the open air. Point-based spectra eatlected using the 100x objective (N.A. =
0.85), 0.1% of the maximum laser power, and 1 se@drexposure time at each pulse, in order
to avoid thermal damage to the sample and interéeréy fluorescent emission. Each spectrum

was baseline-corrected and normalised (to its oighest intensity band) using the Renishaw

Comentario [JM6]: Para que las
conclusiones no queden meramente
descriptivas y se vea la proyeccion
futura de estos resultados, creo que
vendria bien alguna frase conclusival

del tipo: “the results presenteed herein

offer a versatile approach towards
affordable white emissive materials fi
future application in optoelectronic
devices” (0 quiza algo mas especific
si queréis)

used (streamline). The experimental conditions wsae up in the range of 0.1-1 seconds\{Comemain[JMSPmappings J
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exposure time and 0.05-0.1% of the maximum lasewvepo The probed areas were
approximately 20—25 mm

The XRD patterns were obtained on a PANalyticaledPX-ray diffractometer with Cu-&
radiation § = 1.54056 A). For this study the optimal paransetgere run with an increment
size of 0.01° and an increment scan time of 1 s€oweer a scan range of 3—48.2

Powdery crystals of pure and doped compounds wepesited on a Siero diffraction plate.
This kind of sample holder has no background nfrizen 20 to 120 degrees and ensures that
diffraction peaks are obtained from the sample.

Crystal planes ol and2a were assigned for comparison with the corresponiR® pattern
simulated from their X-ray structuré®.c® 2!

UV-vis spectra were recorded on a Jasco V-530 sg#ubtometer. Fluorescence spectra were
recorded on a Jasco FP-750 spectrophotometerttinchees standard quartz cells (1 cm width)
were used. Spectra were recorded at room temperasimg solvents of spectroscopic grade.
Fluorescence images for waveguide behaviour weporded on a ZEISS Axioplan-2
fluorescence microscope with a mercury lamp capatfleexcitation at any wavelength.
However, a series of filters was used to selecettwtation wavelength and absorption. These
correspond to wavelengths in the blaexc = 320-380 nniem = 410-510 nm), greekexc =
450-490 nmaem = 515-565 nm) or reddéxc = 475-495 nmiem = 520-570 nm). This
microscope was fitted with a shutter that alloweel light to be focused on the desired part of
the crystal.

A Zeiss LSM 800 confocal microscope (Zeiss, Jerarmany) with a 10x objective (Plan-
Apochromat 10x/0.45 M27) equipped with the ZEN iimggsoftware was used to collect RGB
and spectral images of the microcrystals contaiwiifigrent doping ratios o2. RGB images
were obtained using three diode lasers (405, 4886f) for blue, green and red fluorescence.
Spectral imaging was carried out with laser exidtain the 425-650 nm emission range. A set
of 26 images was obtained, with each image acquiidd a separate narrow bandwidth of 8

uM, thus representing the complete spectral dididbwf the fluorescence signals.
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